Abstract Soil carbon cycling in Japanese cedar plantations after clear-cutting over time was calculated with and without consideration of plantation management (pruning and thinning) using a mathematical model. The model employed a daily time step and used daily air temperature and observed precipitation near the plantations. The results of these calculations of aboveground biomass, carbon flow and accumulation were compared with the field observations reported by Shutou and Nakane (Ecol Res 19:233-244, 2004) observed in the Hiroshima prefecture. For example, the carbon accumulation and total soil respiration rate calculated with the inclusion of plantation management for a 60-year-old stand were 104 and 4.8 t C ha , respectively. The results calculated for carbon flow and accumulation were not significantly different from the field observations, assessed using oneway analysis of variance (P > 0.05), and the mean relative errors were very small (e.g., the maximum was 0.05). Consequently, it is suggested that the dynamics of carbon cycling following clear-cutting of a Japanese cedar plantation can be simulated realistically using these calculations with and without consideration of plantation management. Moreover, it is possible that the calculation without consideration of plantation management can yield the change of carbon cycling over time, even if the history of forest management in the plantations is unknown. It is expected that this study will contribute to the development of a more versatile model.
Introduction
As the atmospheric CO 2 concentration rises, concern about the risk to human beings increases (Arnell et al. 2002) . Therefore, it is important to evaluate exactly what the absorbing ability of carbon by each forest is and to estimate the amount of carbon absorbed on a global scale.
Recently, calculations that simulated carbon dynamics above and below ground (Rasse et al. 2001 ) have been presented. Moreover, Mohren (2003) calculated the carbon dynamics in forests not only on a global scale but also on the stand scale for managed forests. However, a reliable model has not been proposed for evaluating carbon cycling or carbon balance in and above forest soil, which may change significantly with stand age and due to human disturbance. Consequently, it is very important to estimate exactly the change in carbon balance and the stock of soil carbon in forests with stand development and due to human management.
In the forests of Japan, there are many Japanese cedar plantations (Cryptomeria japonica D. Don), which occupy about 45% of the artificial forest area or about 20% of the total forest area in Japan. The plantation is generally managed by pruning, thinning and clear-cutting. Therefore, this management has to be taken into consideration when analyzing carbon cycling in Japanese cedar plantations. Although there is a study of carbon flux in cedar plantations by Chiba (1998) , who calculated the biomass growth and CO 2 flux between the atmosphere and the cedar plantation with thinning during its development, very few attempts have been made to simulate soil carbon cycling in forest development over time when management is conducted, and compare the calculated results with field observations. The purpose of this study is to calculate soil carbon cycling by a mathematical model in Japanese cedar plantations that are managed by pruning, thinning and clear-cutting. The results of this model simulation are compared to the field observations reported by Shutou and Nakane (2004) to check for agreement. The observations (Shutou and Nakane 2004) were conducted on 5-(plot I), 10-(plot II), 22-(plot III), 28-(plot IV), 36-(plot V) and 60-year-old (plot VI) previously managed Japanese cedar plantations on the same slope in Fusedani, Yuki-cho (34°26¢N, 132°16¢E), Hiroshima prefecture, west Japan. The altitude of these plots was 440-560 m. The slope inclination was 20-25°, and the slope directions were east or northeast, where there were adequate sites to study how the soil carbon cycling of the plantations changed following clear-cutting, due to the similar environmental conditions among these plantations. The age of the six plots in this study were defined by the time since clear-cutting. For instance, a plot grown for 36 years after clear-cutting is 36 years old (plot V) in the report of Shutou and Nakane (2004) .
Yuki-cho is 22 km to the northwest of Hiroshima city (Seto Inland Sea area). The climate of the study site is a little different from the typical climate of the Seto Inland Sea area. The soil in this area developed on weathered granite and paleozoic strata. The Japanese red pine forests mainly develop on the granite, while deciduous broadleaved forests and Japanese cedar and cypress plantations are distributed on the paleozoic strata formations. Nakane et al. (1987) and Nakane (1994) proposed a simulation model that described the change in soil carbon cycling with the development of a forest stand following clear-cutting, based on the data observed before and just after it. However, they could not test the reliability of the calculation because of the lack of observations following clear-cutting, except one observation before and just afterwards.
Thus, an attempt was made in this study to examine the compatibility of their model Nakane et al. (1987) and Nakane (1994) with the observation of soil carbon cycling with the development of the forest stand following clear-cutting. Furthermore, we have attempted to modify the model for application to forest managed by pruning and thinning.
Modeling of forests with management realistically calculated the change of soil carbon cycling over the management time, while modeling of forests without management yielded the correct trend in soil carbon cycling over time after clear-cutting over timescales relevant for timber production. Now that the Kyoto Protocol has been ratified, this simulation method can contribute to the assessment of better management methods for cedar plantations in terms of carbon storage, and at least to the calculation of carbon balance in cedar plantations. Figure 1 shows the compartment models proposed by Nakane et al. (1987) which represent the carbon dynamics before and just after clear-cutting, and the regenerating stage following clear-cutting.
Compartment model for model simulation
In the model just after clear-cutting (Fig. 1b) , litter fall (L), root respiration (R R ) and fine root turnover (rAEY r ) cease, and fine and large roots killed by clearcutting are transferred to the dead root compartments (M Rd ). In this compartment model, the litter (A 0 layer) includes two compartments in the regenerating stage (Fig. 1c) . The accumulation on the forest floor before clear-cutting was d M 0 and the litter during regeneration (flesh litter) was f M 0 .
Model structure
The compartment model for simulating the annual average of soil carbon cycling is shown in Fig. 1 (Nakane et al. 1987 ). This compartment model represents soil carbon cycling before clear-cutting (Fig. 1a) , just after clear-cutting (Fig. 1b) and in the regenerating stage (Fig. 1c) . When clear-cutting was carried out, the above-ground biomass was removed from the forest stand.
Before clear-cutting (Fig. 1a) , pools of carbon in various parts of the soil system were classified into four categories: (1) the A 0 layer (M 0 ); (2) humus in mineral soil (M); (3) dead roots (fresh fine root litter, M r ); and (4) living fine roots (Y r ). Arrows in the diagram correspond to fluxes between the pools, litter fall (L), supply of humus from the A 0 layer to the mineral soil (l A : j A AEM 0 ) and from dead roots to the mineral soil (l R : j R AEM r ), root turnover (L R : rAEY r ), total soil respiration (S R ), which includes A 0 layer respiration (S RA : m A AEM 0 ) and root respiration (R R ), mineralization of dead roots (S RD : m R AEM r ) and humus in the mineral soil (S RH : lAEM). The decomposition rates of the A 0 layer, dead roots and humus in the mineral soil are assumed to be equal to their respiration (CO 2 mineralization) rates. Just after clear-cutting (Fig. 1b) , litter fall (L), fine root turnover (rAEY r ) and root respiration (R R ) stopped, but dead roots due to the felling (M rd ) decomposed and were transformed from humus to mineral soil. In the case of the regenerating stage (Fig. 1c) , litter fall, fine root turnover, root respiration recover, residual litter ( d M 0 ), and residual dead roots (M Rd ) decreased.
Please refer to Nakane et al. (1987) and Nakane (1994 Nakane ( , 2001 ) for a detailed explanation of the model described in this paper.
Assumptions of the model
When calculating the soil carbon cycling, the model makes the following assumptions:
(a) The decomposition and transportation fluxes are assumed to be first-order reactions (Fig. 1) . (b) The ratio (d A ) of the relative decomposition rate of the A 0 layer (m A ) to the transfer of carbon from the A 0 layer to humus (j A ) is assumed to be constant (Nakane 1980; Nakane et al. 1984) . The same assumption applies to the corresponding ratio (d R ) for dead roots. (c) The root respiration rate, which is taken from the reports of Kawahara (1976), Nakane et al. (1984 Nakane et al. ( , 1997 , Uchida et al. (1998) and Ohashi et al. (2000) , is 45% of the total soil respiration rate in forest stands with a closed canopy. (d) The annual root turnover is assumed (Nakane 1978; Kira and Yabuki 1978; Nakane et al. 1997) to be constant and is taken as 20% of the fine root (diameter, /<10 mm) biomass.
Model formulation
Soil carbon accumulation over time
The accumulation of soil carbon over time (t) is described by the following simultaneous differential equations based on the compartment model (Fig. 1a) , where r and l represent the relative rates of fine root turnover and the decomposition rates of humus in the mineral soil, respectively:
Environmental factors influencing decomposition
The decomposition rate of litter and humus above or in mineral soil depends mainly on the soil temperature (T 0 ) and moisture content of litter (V 0 ) or mineral soil (V m ). Ino and Monsi (1969) and Nakane et al. (1984) reported that CO 2 evolution from the A 0 layer or from mineral soil increased at various soil surface temperatures (T 0 ) with increasing water content of the litter (V 0 ) or soil (V m ). These relations can be successfully approximated by
where m A0 * and l 0 * are rates of m A and l obtained when for decomposition, respectively. k and x are the temperature response coefficients of m A and l, respectively. On the other hand, the relative rate of decomposition of root litter (m R ) may be expressed as a function of T 0 , because of its relatively constant moisture content, as follows:
where m R0 * is the rate of m R when T 0 = 0, and x is the temperature response coefficient of m R . The values of the coefficients in Eqs. 2, 3 and 4 were estimated from field data using a nonlinear least-squares method. The soil temperature T 0 is correlated with the air temperature (T a *) while V 0 and V m are affected by precipitation and soil temperature (T 0 ). The empirical equations for these relationships as proposed by Nakane et al. (1987) are:
where P 1 is precipitation during the last three days and P 2 is precipitation during the last two weeks excluding P 1 . The values of the coefficients (k 1 -k 10 ) were estimated from field data using a nonlinear least-squares method.
Influence of clear-cutting Nakane et al. (1987) indicated that soil surface temperature in Pinus densiflora forests in Japan after clearcutting increased significantly in summer, but decreased in winter compared to before clear-cutting. Furthermore, Shutou and Nakane (2004) also indicated a similar tendency in Japanese cedar plantations. Nakane et al. (1987) suggested that the values of the coefficients in the relationships between T 0 and T a * (Eq. 5) and between V 0 or V m and P and T 0 (Eqs. 6 and 7) changed significantly after clear-cutting. Environmental conditions, which also changed abruptly after clear-cutting, gradually returned to the levels before clear-cutting with forest growth, as follows: Y L and Y L * represent the leaf biomass of regrowing vegetation and its asymptotic value at canopy closure prior to clear-cutting, respectively (Nakane et al. 1984 (Nakane et al. , 1987 .
Dynamics of compartments
The dynamics of soil carbon in a cedar plantation with closed canopy can be calculated by Eqs. 1-7, using daily observations of air temperature, precipitation and the initial values of carbon accumulation and measurements of seasonal litter fall and root turnover rates.
After clear-cutting, the regeneration of above-ground biomass, root respiration (R R ) and fine root turnover (rY r ) during the regenerating stage ( Fig. 1c ) is expressed by a log curve:
and Tables 1 and 2 . However, forest management, in particular thinning, may change these relations . Thus, in this study, Eqs. 11-14 was modified for the calculation of Y T ÀL under forest management.
Fundamental data for the model simulation of Japanese cedar plantations To calculate the model, the VBA program (Microsoft Excel 97 computer software, Microsoft 1997) of Muramoto (2000) was used. In this program, the weather data in Hiroshima city (air temperature, precipitation and the amount of snow) from 1998 were applied, which were close to the average monthly data between 1971 and 2000. The annual mean values of air temperature, and annual precipitation and snowfall in 1998 in Hiroshima city that were applied to the calculation were 17.6°C, 1,508 and 160 mm, respectively. The coefficients used in this program are shown in Table 3 . The calculation was carried out using a daily time step using the daily air temperature, precipitation and the amount of snow cover.
Forest management assumptions
Assumptions for the approximation with consideration of forest management Equations 11-14 for the above-ground biomass could not be applied unchanged to the forest stands of Japanese cedar plantation where thinning was carried out.
Above-ground biomass and litter fall (Y T and Y
) changed with the forest age (development) and in particular just after management (thinning) in managed plantations. Consequently, the following assumptions were used for above-ground biomass:
(e) Forest thinning in a cedar plantation is carried out twice in 25-and 50-year-old stands, and the decreases of biomass by thinning, which are estimated based on a stand density control diagram, are 25% and 5% of the biomass in 25-and 50-year-old stands, respectively. (f) Pruning is carried out on 18-year-old stands, and the decrease of leaf and branch biomasses, which are estimated based on the data of plant biomass (Shutou and Nakane 2004), are both 10% of the biomass for 18-year-old stands.
(g) Based on the stand density control diagram for Japanese cedar, the future maximum above-ground biomass, where the plantation has grown sufficiently (e.g. a 150-year-old plantation) in the stand (plot VI) after both the first and second thinning, are assumed at 1,000 m 3 ha À1 based on the report by Sato et al. (2004) and the stem dry weight was assumed to be 340 kg m À3 (Osumi 1987) . Each part weight is derived from the allometric equation based on these assumption (Ando et al. 1968) .
From these assumptions, the coefficients in Eqs. 11-14 for 0-to 25-year-old stands before the first thinning are calculated from the biomass in 5-, 10-, 22-(the years of observation) and 150-year-old stands. The coefficients for 25-to 50-year-old stands after the first thinning are calculated from the biomasses of a 25-year-old stand decreased by thinning, 28-, 36-(the years of observation) and 150-year-old stands. The biomass of stands older than 50 years old after the second thinning was calculated from the biomass in 50-year-old stands just after the second thinning, 60-(the year of observation) and 150-year-old stands. The litter fall rate (L) for 150-yearold stands was assumed to be 20% of Y L based on the report by Shutou and Nakane (2004) . The coefficients obtained in this way, which is called ''with consideration of management'' in this study, are shown in Table 4 .
Assumptions for approximation without consideration of forest management
The developments of Y T , Y L + Y B and L are approximated directly by a simple log curve without information about forest management, which is called ''without consideration of management'' in this study. The parameters of the simple log curve were determined by the least-squares method based on the field observation data (Shutou and Nakane 2004) , and given in Table 5 .
Result 1 (with consideration of management)
Recovery of vegetation A solid line shows the calculated curve, which takes management into consideration. Figures 2 and 3 show that a significant difference was not found between the observation and calculation with consideration of management (P > 0.05, by one-way analysis of variance).
The calculated Y T increased with forest age until the first thinning. At the first and second thinning, Y T decreased (from 118 to 92 t C ha À1 at the first thinning and from 122 to 118 t C ha À1 at the second thinning), and after that, it recovered with a changed log curve. After 60 years, it stabilized.
The calculated Y L + Y B increased with forest age in the same way as Y T until pruning. When pruning was carried out on an 18-year-old stand, Y L + Y B decreased slightly, and later increased until the first thinning. At the first and second thinning, Y L + Y B decreased again, and then recovered with forest development.
The calculated L also increased with forest age until pruning. When pruning was carried out on an 18-yearold stand, L increased briefly from 2.4 to 4.6 t C ha À1 year À1 due to pruning of the leaves and branches. At the first and second thinning, L decreased once, and then increased in the following stage with a different log curve again. Table 3 Values of the coefficients in the equations for environmental conditions (Eqs. 5-7) 
Environmental conditions
Soil temperature Figure 4 shows the change in the soil surface temperature (T 0 ). This shows T 0 observed in 5-and 10-year-old stands and T 0 calculated in 10-year-old stands, plotted against that observed in 60-year-old stands. The T 0 calculated was lower than that observed in the 5-year-old stand and higher than that observed in the 60-year-old stand, but was similar to those observed in 10-year-old stands.
Moisture content
The mean moisture contents of the A 0 layer (V 0 ) were calculated at 60%, 67% and 98% in 5-, 10-and 60-yearold stands, respectively, while the observed values were 66, 71 and 84%, respectively.
The mean moisture contents in the mineral soil (V m ) were calculated at 67, 68 and 74% in 5-, 10-and 60-yearold stands, respectively, while the mean observed value of V m were 63, 64 and 77%, respectively.
In terms of environmental conditions, the changes in both the simulated and observed values as a function of forest development show similar values or tendencies.
Respiration rate (carbon flux) Figure 5 shows the changes in the A 0 layer (S RA ), mineral soil (S RM ) and total soil respiration rates (S R ) with consideration of management, calculated using Eqs. observations was not observed (P > 0.05, by one-way analysis of variance). The calculated S RA decreased swiftly after clear-cutting from 1.41 to 0.53 t C ha À1 year À1 , and then increased in the following stage, due to the recovery of L (or Y L + Y B ) for stands older than 20 years. When the pruning was carried out on 18-year-old stands, the calculated S RA increased. On the first and second thinnings, the calculated S RA decreased and then recovered exponentially with forest age, finally stabilizing during the mature stage.
On the other hand, the calculated S RM increased sharply just after clear-cutting, and after that decreased gradually and stabilized around 3.4 t C ha À1 year À1 for stands older than 50 years. The calculated S RM increased after the first and second thinnings, but was changed only slightly by pruning.
The calculated S R , which is the sum of S RA and S RM , increased sharply just after clear-cutting, and after that decreased gradually, stabilizing around 4.9 t C ha À1 year À1 for stands older than 50 years. Whenever the forest management (pruning and first and second thinning) was carried out, the calculated S R increased temporarily.
Accumulation of carbon on or in soil (Carbon accumulation)
The changes in the calculated carbon accumulation in the A 0 layer (M 0 ), mineral soil (M) and dead roots (M R ) for the case of consideration of management are shown in Fig. 6 . The closed circles, open circles and closed triangles are observed values of M 0 , M and M R , respectively. A significant difference was not found between observations and simulations when considering management (P > 0.05, by one-way analysis of variance). The calculated M 0 decreased for about 10 years following clear-cutting, but later recovered. The calculated M 0 increased at pruning, and decreased slightly at first and second thinnings, later stabilizing finally around 11 t C ha À1 at the mature stage. 0.14 l 0 * day
The calculated M decreased considerably following clear-cutting until about 20 years, and then increased gradually. The calculated M increased slightly at the first and second thinning, and almost stabilized at about 120 t C ha À1 around the 120-year-old stage. The effect of pruning on the calculated M was not clear.
The calculated M R decreased rapidly by about 20 years, after increasing by clear-cutting, and then increased slightly, stabilizing later. The calculated M R increased slightly at the first and second thinnings; however, there was little effect of pruning on M R .
Result 2 (without consideration of management)
The curves fitted approximately to the data of Y T (above-ground biomass), Y L + Y B (leaf and branch biomass) and L (litter fall rate) through the regeneration process, which do not take forest management into consideration, are shown in Figs. 2 and 3 as broken lines, respectively. These curves are similar to those with consideration of management, and significant differences in Y T and Y L + Y B between observation and calculation without consideration of management were not found (P > 0.05, by one-way analysis of variance).
For the environmental conditions, the calculated T 0 is also shown in Fig. 4 . The calculated T 0 with and without consideration of management were almost the same, and so they cannot be clearly distinguished in Fig. 4 . Additionally, V 0 and V m without consideration of management also show similar values to those with consideration of forest management.
Figures 5 and 6 show the changes in the respiration rate (S RA , S RM and S R ) and carbon accumulation (M 0 , M and M R ) without consideration of management using broken lines, respectively. These changes of the simulated values are similar to those simulated with consideration of management. In terms of these changes, a significant difference was not found between the observed and calculated values without consideration of management. In each carbon flux (S RA , S RM and S R ) and accumulation (M 0 , M and M R ), a significant difference was not found between the simulations with and without consideration of management (P > 0.05, by one-way analysis of variance).
Discussion
Validity of calculated above-ground biomass and environmental condition with the consideration of management As shown in Figs. 2 and 4 , the calculated above-ground biomass (Y T , Y L + Y B ) and calculated soil environmental conditions show similar changes to the observations during all regeneration stages. This fact suggests that the assumptions for stand development under forest management are reasonable and that the assumptions for changes in the soil environmental conditions after clear-cutting are also reasonable.
For the 10-year-old stand, the calculated Y T was only slightly influenced by pruning because the stem volume growth rate decreased by only 10% on pruning (Takeuchi and Hatiya 1977) . When thinning was taken into consideration in forestry for timber production, the calculated Y T decreased temporarily, but later increased gradually based on the 3/2 power low to an asymptotic value, and Y T at 150 years was assumed from this law (for a theory of the dynamic relation between stand density and mean individual weight after thinning see Ando et al. 1968) .
The calculated and observed L increased exponentially at early stages and tended gradually to the asymptotic values at later stages, corresponding to the change in Y L + Y B , which are reasonably approximated by simple or modified log curves. When thinning, the calculated L decreased temporarily from 2.7 to 2.0 and 2.8 to 2.6 t C ha À1 year À1 for the first and second thinning, respectively, due to the decrease of Y L + Y B .
The soil environmental conditions are assumed to change with recovery of above-ground biomass, in particular Y L + Y B in this study, as seen in Nakane et al. (1984 Nakane et al. ( , 1987 Nakane et al. ( , 1997 and Nakane 1994. The good fit between the calculations and the observations indicates that canopy coverage is one of the most important factors that controls the forest floor conditions. Soil temperature at 5 cm depth in 60-year-old (˚C) Soil temperature at 5 cm depth in observed, and simulated one with and without consideration of management in 10-year-old (˚C) Fig. 4 Observed soil temperature in 5-and 10-yearold and calculated for 10-yearold stands, shown against that observed in a 60-year-old stand. and total soil respiration rate (S R , t C ha À1 year
À1
) with forest age (y), considering the effects of pruning in a 21-year-old stand and thinning in 25-and 50-year-old stands, and not considering management. Heavy thick line calculated S R (t C ha À1 year À1 ) with consideration of management, heavy thick broken line calculated S R (t C ha À1 year
) without consideration of managements filled circles observed S R (t C ha À1 year
), thick line calculated S RM (t C ha À1 year À1 ) with consideration of managements, thick broken line calculated S RM (t C ha In Fig. 5 , the reason why the calculated S RA increased slightly just after clear-cutting might be that the soil temperature after clear-cutting was higher than before, which caused an increase in the decomposition rate of M 0 . After that, however, the calculated S RA decreased swiftly because all of the standing trees in the plantation had been cut down and so the litter fall was stopped until the vegetation recovered. The calculated S RA increased gradually with the recovery of L (or vegetation) and stabilized at 1.42 t C ha À1 year À1 (see Fig. 3 ). On pruning, the calculated S RA increased because the accumulation of litter was increased temporarily by pruning. At the first and second thinnings, the simulated (Figs. 2 and 3) , and recovered later with the recovery of
The calculated S RM increased swiftly just after clearcutting, and then decreased gradually and stabilized around 3.4 t C ha À1 year À1 . This suggests that S RM increased quickly due to the many dead roots produced by clear-cutting (Fig. 6 ) and the decomposition rate of the dead roots became higher mainly due to the higher soil temperature after clear-cutting (Fig. 4) . However, S RM decreased gradually because of the decreasing amount of dead roots produced by clear-cutting (Fig. 6 ) and the lower soil temperature due to canopy closure (Fig. 4) . On the first and second thinnings, the calculated S RM increased temporarily, because of the dead roots supplied by thinning. These changes indicate that the change in S RM is affected by thinning (see Fig. 5 ).
The rapid increase of the calculated S R (= S RA + S RM ) just after clear-cutting was derived mainly by the increase of dead roots and the higher decomposition rate of dead roots and the A 0 layer due to the higher soil temperature after clear-cutting. Consequently, the model proposed ivn this study could successfully simulate the carbon fluxes, taking forest management into consideration, in regeneration processes following clear-cutting, as proved by the small differences between the field observation and calculations with consideration of management (P > 0.05, by one-way analysis of variance).
The change in carbon accumulation under consideration of management In Fig. 6 , the calculated M 0 decreased quickly just after clear-cutting because the litter fall was stopped by clearcutting, and increased gradually over 10 years, finally stabilizing around 11 t C ha À1 with the recovery of the litter fall rate. In an 18-year-old stand, the calculated M 0 was increased temporarily by pruning. On the first and second thinnings, the calculated M 0 decreased because of the decrease of L (or Y L + Y B ) due to thinning. After thinning, M 0 increased with the recovery of L (or Y L + Y B ) with forest development. These changes in
The calculated M R increased swiftly just after clearcutting due to the large amount of roots killed; however, it decreased swiftly from 24 to 3 t C ha À1 due to decomposition itself within a few years and then gradually increased due to the recovery of root turnover, reaching a steady value (4.5 t C ha À1 ) around 30 years. On the first and second thinnings, the calculated M R increased slightly.
The calculated M increased temporarily due to humus supply from the large amounts of dead roots caused by clear-cutting and then decreased until 10 years because of the decreasing supply of humus from M 0 and the higher decomposition rates of mineral soil due to the higher soil temperature (Fig. 4) . On the first and second thinnings, the calculated M increased slightly because of the dead roots produced by thinning. However, M seemed to be little influenced by the decrease in litter fall by thinning.
These simulation results reflect the effects of forest management (pruning and thinning) on soil carbon accumulation well, suggesting that the model could calculate the soil carbon accumulation in managed plantation, as shown by the small difference between the observed and calculated values with consideration of management (P > 0.05, by one-way analysis of variance). Based on this model, we have the possibility of assessing how to manage plantations to function more effectively as CO 2 sinks.
Comparison between the simulation with and without consideration of management .75 t C ha À1 , respectively. On the other hand, the calculated carbon flux rates at 70 years with and without consideration of management were 1.45 and 1.47 for S RA , 3.44 and 3.50 for S RM , and 4.89 and 4.97 t C ha À1 year À1 for S R , respectively, which suggesting slight differences in the carbon flux rates between them.
The mean relative error in the calculated values for the soil respiration rate (S RA , S RM and S R ) and carbon accumulation (M 0 , M and M R ) with and without consideration of management were small, with a maximum value of 0.051. As each mean relative error was very small, a significant difference in soil respiration and carbon accumulation was not found with and without consideration of management. This suggests that both models with and without consideration of management were valid for the calculation of carbon cycling following clear-cutting, at least in Japanese cedar plantations managed by the general management method used in the Chugoku mountain area, and suggests that the calculation of carbon cycling could be carried out in the plantation even if its forest management history is unknown.
However, to apply the model to cedar plantations in other localities, the field data for vegetation dynamics following clear-cutting and environmental conditions (soil temperature and moisture content), at least before and just after clear-cutting, should be collected or estimated in order to simulate more accurate.
Using the model proposed in this study, we could assess the management of plantations to function more effectively as CO 2 sink, based on the calculation of the change in carbon stock or carbon balance with forest growth or due to forest management (e.g., clear-cutting interval), and at least evaluate the soil carbon balance in plantations at a given age or site.
However, it is necessary to conduct studies in plantations in various region and with a variety of management methods to improve the versatility of the model, although we expect this study to become one example for such further study.
